Space-charge-limited current ͑SCLC͒ flow was investigated as a function of applied potential and specimen thickness in nanocrystalline silicon films prepared by electrochemical anodization. From the analysis of the current-voltage (J -V) characteristics in the SCLC regime, the density of states distribution near the Fermi level was determined. The agreement between the experimental J -V characteristics and the theoretical curve strongly implies that the current flow is entirely controlled by localized states situated at the quasi-Fermi level.
I. INTRODUCTION
Highly efficient visible photoluminescence ͑PL͒ from silicon nanostructures 1 fabricated using electrochemical anodization has generated exciting prospects for applications both in flat-panel displays and in optical interconnections monolithically integrated into Si wafers. Many studies have aimed at achieving strong electroluminescence ͑EL͒, which enables these applications, from silicon nanostructures in a solid-state device. [2] [3] [4] [5] [6] [7] However, despite the vast research aimed at intense EL devices, no detailed investigation of the deep levels in this material has been reported to the best of our knowledge. Such information yields insights on critical properties, such as carrier transport for the design of optoelectronic devices.
A number of studies show that injection current can be a powerful tool for studying insulators or high resistivity materials. 8 The most widespread contribution from using this tool is information about defect states in the forbidden gaplocalized defect states can strongly influence the injected current flowing in response to an applied voltage. Not only the absolute value of the current but also the actual form of the current-voltage (J -V) characteristics is determined by the interaction of the injected carriers with such states. This current-voltage characteristic called space-charge-limited current ͑SCLC͒ offers a well-established and extremely sensitive method ͑defect state concentrations as low as 10 12 cm Ϫ3 can be detected by this technique͒ to study energetic and spatial profiles of traps for current carriers. Such measurements have been applied to a substantial number of materials ranging from semiconductors to molecular crystals. 8 For determining the density and the distribution of deeplevel energy states, methods other than the SCLC method can be used: field-effect technique, 9 capacitance-voltage methods, 10 and deep-level transient spectroscopy ͑DLTS͒.
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However, those three alternative techniques require highly doped material and specially designed device structures. It is, therefore, difficult and unreliable to use those three methods for measuring the density of states of Si nanostructures because carriers are depleted by the electrochemical dissolution process and many processes for the device fabrication inevitably damage the fragile Si nanostructure. In this article, we present the results of SCLC flow as a function of applied potential and specimen thickness in nanocrystalline silicon films prepared using electrochemical anodization. From the analysis of the J -V characteristics in the SCLC regime, the density of state distribution near the Fermi level in Si nanostructures was determined by a stepby-step method.
12, 13 We demonstrate that the SCLC method offers a powerful tool for evaluating the deep-level energy states in highly complex structures, such as porous Si ͑PS͒.
II. EXPERIMENTAL RESULTS AND ANALYSIS
Metal/PS device structures were fabricated in p-type silicon substrates with a resistivity of 3-5 ⍀ cm, and then anodized in a solution of HF (49%):C 2 H 5 OHϭ1:1 at a constant current density of 20 mA/cm 2 . The porosity of the porous layer was about 80%, which we confirmed by density measurements. This fabrication process produced a homoge- neous Si nanostructure layer at a constant rate ͑R͒ of approximately 1 m/min, which we confirmed by scanning electron microscope observations. By controlling the duration of the anodization, we prepared PS layers that were 1, 2, 4, and 8 m thick. Following the anodization, gold film was deposited as an electrode with the active device area being about 4 mm in diameter. Figure 1 shows typical logarithmic J -V characteristics for Au/PS junctions with 1-and 4-m-thick PS layers ͑dots and solid circles, respectively͒. From the lower current density region around 10 Ϫ8 A/cm 2 , we estimated the resistivity of the layer to be on the order of 10 12 ⍀ cm. This value shows that the porous layer can be regarded as an intrinsic semiconductor. For both samples ͑1 and 4 m͒, the J -V characteristics exhibit a power-law relationship, JϭV ͑ is a proportionality factor͒, where increases from 1 to 4 and then decreases from 4 to almost 2 with increasing applied bias voltage. On the other hand, the current-thickness (J -L) characteristics exhibit another power-law relationship, J ϭL Ϫ ͑ is a proportionality factor͒, where increases from 1 to between 2 and 3 with increasing applied voltage. This behavior for both characteristics is similar to the SCLC with deep traps observed for single carrier injection into an intrinsic amorphous semiconductor. 12, 14 In the continuous state distribution of the a semiconductor, the dominant level controlling the SCLC is situated close to the quasi-Fermi level and thus enables the determination of the density and distribution of localized states ͓N(E)͔. 8 To determine N(E) from the logarithmic J -V characteristics in the SCL region, we adopted the step-by-step method developed by den Böer. 13 The density of states near the Fermi level can be expressed as
where (J 1 ,V 1 ) and (J 2 ,V 2 ) are points on the J -V curve in Fig. 1 , ⑀ is a dielectric constant of the porous layer, q is the electron charge, L is the thickness of the porous layer, k is the Boltzmann constant, and T is temperature in degrees K. Before we can determine N(E), we need to determine the dielectric constant of the porous layer. Figure 2 shows the thickness dependence of the zerobias capacitance of Au/PS devices. We can neglect the capacitance of the interface based on the Peng et al. results. 15 In this case, the total capacitance is equal to the PS layer capacitance (C PS ), which is given by C PS ϭ⑀S/L, where S is the area of the diode. Measurements taken on devices with various PS layer thicknesses verify that the C PS is proportional to 1/L as shown in Fig. 2 . We can, therefore, determine the dielectric constant ⑀ to be 3.6⑀ 0 (⑀ 0 is the dielectric constant of a vacuum͒, which agrees well with previously reported results for 80%-porosity samples. 4, 16 We determined N(E) for the 4-m-thick PS sample by applying Eq. ͑1͒ to the measured J -V characteristics. not form a simple exponential tail, but can be well described by a stretched exponential function:
where the data shown in Fig. 3 can be well fitted by ␣ ϭ2.4ϫ10
) with T t being a temperature parameter that characterizes the trap distribution, and ␥ϭ4. The steep rise in N(E) toward the Fermi level might not represent the real density of states but appears to arise from an inaccuracy of this method, because this inaccuracy generally occurs in the evaluation of N(E) using step-by-step or differential methods. 17 The deduced N(E), which is minimum at the center of the energy gap ͑Fermi level͒, is similar to the commonly observed U-shape trap distribution observed at the crystalline Si-SiO 2 interface [18] [19] [20] [21] or to the density of states observed in amorphous Si. 10 The origin of ␥ϭ4 in the stretched exponential is not clearly understood; however, we consider that both the various energy levels originating from the size distribution of nanocrystallites and the coexistence of the tissue ͑amor-phous͒ phase with nanocrystals generate the randomness expressed by a stretched exponential distribution.
Electroluminescence is a general concern when using this material; therefore, understanding the relation between EL intensity and a current density is critical. The inset of Fig.  4 shows the EL-J characteristics of a Au/PS diode with a 1-m-thick PS layer. Comparison of these EL-J characteristics and J -V characteristics ͑Fig. 4͒ clearly shows that EL occurred at the higher injection regime, above 10 Ϫ6 A/cm 2 , as indicated by arrows. This result is explained as follows: when the injected carrier concentration to the thermally generated carriers significantly increases, the J -V characteristics of the device deviates from Ohmic behavior and holes begin to be injected into the porous layer, thereby significantly increasing the probability of electron-hole recombination ͑double-injection regime͒. Therefore, below the current density of 10 Ϫ6 A/cm 2 , where emission does not occur, we can consider electrons to be the dominant current carriers in this region ͑single-injection regime͒. Although the polarity of the dominant carrier injected into the porous layer is not yet known, x-ray absorption spectroscopy shows that the energy offset of the valence band is twice that of the conduction band in PS/Si junctions 22 and thermopower measurements show the majority carriers are electrons. 23 In the single-carrier injection region, the J -V curve in the SCLC region, with the stretched exponential trap distribution as described in Eq. ͑2͒, can be calculated parametrically as
͑4͒
and the current-thickness (J -L) curve as
where the parameter is equal to FϪE f , F is the quasiFermi energy, E f is the Fermi energy, n 0 is a thermal equilibrium free-electron concentration, is the effective mobility, L 0 is the constant thickness, and V 0 is the constant applied voltage. As a check, in the case of ␥ϭ1, which corresponds to the exponential trap distribution, 8 we can derive the correct dependence of SCLC as JϰV mϩ1 /L 2mϩ1 ͑with mϭT t /T) by the elimination of the parameter after the integration.
By using parametric plots through the combinations with Eqs. ͑3͒ and ͑4͒, or ͑5͒ and ͑6͒, we obtain the theoretical J -V curves or J -L curves for the density of states given by Eq. ͑2͒. The dotted line in Fig. 4 shows the theoretical curve of the J -V characteristic for the sample with a 1-m-thick PS layer. The best fit of this curve was obtained using the parameters ␣ϭ6ϫ10 16 (cm Ϫ3 eV
Ϫ1
) and n 0 ϭ1.15
). The reason why the magnitude of N(E) of a thin layer is higher than that of a thick layer can be understood in terms of a higher density of states in the surface region-the SCLC probes the entire volume distribution. The agreement between the experimental result and the theoretical curve strongly implies that the current flow is entirely controlled by localized states situated at the quasiFermi level. The deviation of the theoretical curves and the experimental results at the region higher than 10 Ϫ6 A/cm 2 may originate from the inaccuracy of the fitting function and/or the contribution of hole current ͑i.e., the deviation from the single-injection analysis͒.
The J -L relation given by Eqs. ͑5͒ and ͑6͒ was also confirmed for various thicknesses ͑1-8 m͒ of the porous layer. Figure 5 shows the experimental plots ͑solid circles͒ for the J -L characteristics at a constant applied potential of 30 V. The solid lines show the theoretical curves obtained from Eqs. ͑2͒, ͑5͒, and ͑6͒ using the same parameters described above ͓␣ϭ2.4ϫ10
), and ␥ϭ4͔. The theoretical curves well explain the experimental plots of the J -L relation. Such agreement suggests that the SCLC dominates the carrier conduction behavior.
III. DISCUSSION
Generally, for trap free or shallow traps with a singleenergy level, the behavior of the SCLC obeys JϰV 2 /L 3 , which was generally applied for PS layers. 15 However, the logarithmic J -V characteristics reported here and elsewhere 3, 15 generally show the power of V increasing from 1 to 3 or 4, depending on the applied potential, and therefore, cannot be fitted by the simple V 2 /L 3 relationship. If we take a certain region from the J -V data, we might find a region that obeys the V 2 /L 3 relationship. However, the assumption of trap free is not realistic for nanostructural PS. Moreover, our experimental results indicate the existence of deep traps ͑Fig. 3͒. The agreement between the J -V ͑and also J -T) data and the above analysis in the whole range of applied potential ͑and also thickness͒ confirms that PS contains localized states on the order of 10 15 (cm Ϫ3 eV
Ϫ1
), which make the characteristic current flow as shown in Fig. 1 .
We used the parameters n 0 Ϸ10 6 to fit the experimental results. Using a previously reported value of
)͔ for nanostructural PS, 23, 24 we determined the intrinsic carrier concentration (n 0 ) of PS to be on the order of 10 9 cm
Ϫ3
. If we also take porosity into account, the correct intrinsic carrier concentration becomes on the order of 10 10 cm
, which is similar to that of bulk Si crystal. 25 The intrinsic carrier density depends on the band gap; because PS is considered a wide-band-gap material, its intrinsic carrier density is expected to be smaller than that of bulk Si crystal. The effect of the quantum confinement on the intrinsic carrier density and on the transport is not yet clear; however, the energy gap determined by carrier transport may not be as wide as the optical band gap. 26 Porous Si with 80% porosity has a large surface area of the order of 200 (m 2 /cm 3 ). 27 By converting the bulk density of states into the surface states using this value, we obtain the interface state density distribution to be about 10 9 (cm Ϫ2 eV
Ϫ1
). The magnitude of this state is similar to the number of P b centers obtained by our electron spin resonance measurements 28 and to the trap density ͓about 10 9 (cm Ϫ2 eV
)͔ estimated by Cadet et al. using transient current measurements. 29 It is not clear if N(E) obtained here originates from P b centers; however, not only our results but also other reports 29, 30 show th correlation between the trap concentrations and P b centers.
IV. CONCLUSION
In conclusion, we determined the density of state distribution ͓N(E)͔ of Au/PS junctions using a step-by-step method. The deduced N(E) can be fitted well by a stretched exponential function. Similarly, both the current-voltage and the current-thickness characteristics of PS can also be fitted well with the theoretical curves obtained by space-chargelimited-current analysis. The agreement between the experimental results and the theoretical curves strongly suggests that PS contains localized states on the order of 10 15 (cm Ϫ3 eV
Ϫ1
) situated at the quasi-Fermi level, which dominates the electric properties of PS. Important problems related to the origin of the localized states situated near the Fermi level remain unresolved.
